Aims/hypothesis Variation within six novel genetic loci has been reported to confer risk of type 2 diabetes and may be associated with beta cell dysfunction. We investigated whether these polymorphisms are also associated with impaired proinsulin to insulin conversion. Methods We genotyped 1,065 German participants for single nucleotide polymorphisms rs7903146 in TCF7L2, rs7754840 in CDKAL1, rs7923837 and rs1111875 in HHEX, rs13266634 in SLC30A8, rs10811661 in CDKN2A/B and rs4402960 in IGF2BP2. All participants underwent an OGTT. Insulin, proinsulin and C-peptide concentrations were measured at 0, 30, 60, 90 and 120 min during the OGTT. Insulin secretion was estimated from C-peptide or insulin levels during the OGTT using validated indices. We used the ratio proinsulin/insulin during the OGTT as indicator of proinsulin conversion. Results In our cohort, we confirmed the significant association of variants in TCF7L2, CDKAL1 and HHEX with reduced insulin secretion during the OGTT (p<0.05 for all). Variation in SLC30A8, CDKN2A/B and IGF2BP2 was not associated with insulin secretion. The risk alleles of the variants in TCF7L2, CDKAL1 and SLC30A8 reduced proinsulin to insulin conversion (p<0.05 for all), whereas the risk alleles in HHEX, CDKN2A/B and IGF2BP2 were not associated with reduced proinsulin to insulin conversion (p>0.6). Conclusions/interpretation Diabetes-associated variants in TCF7L2 and CDKAL1 impair insulin secretion and conversion of proinsulin to insulin. However, both aspects of beta cell function are not necessarily linked, as impaired insulin secretion is specifically present in variants of HHEX and impaired proinsulin conversion is specifically present in a variant of SLC30A8.
Introduction
Recent genome-wide association scans have found various new diabetes susceptibility genes including TCF7L2, CDKAL1, HHEX, SLC30A8, CDKN2A/B and IGF2BP2 [1] [2] [3] . Impaired insulin secretion and impaired insulin sensitivity are the major pathogenic mechanisms leading to type 2 diabetes. Several of these novel risk loci for type 2 diabetes have been found to be associated mainly with impaired beta cell function [4] [5] [6] [7] [8] . Furthermore, a recently published study found associations between single nucleotide polymorphisms (SNPs) in TCF7L2 and increased fasting proinsulin concentration, suggesting that, in addition to insulin secretion, variation in TCF7L2 might be involved in insulin synthesis and processing [9] .
The conversion of proinsulin to insulin is one aspect of beta cell function. The relative proportion of proinsulin to insulin (PI/I) in the secretory granule represents an estimate of the efficiency of proinsulin processing [10] . A decrease in the PI/I ratio indicates an increase in the rate of proinsulin processing and vice versa. An elevated PI/I ratio has been observed in conditions with impaired beta cell function, such as type 2 diabetes [11] and impaired glucose tolerance [12] .
The present study examined the association of SNPs in TCF7L2 (rs7903146), CDKAL1 (rs7754840), HHEX (rs7923837, rs1111875), SLC30A8 (rs13266634), CDKN2A/B (rs10811661) and IGF2BP2 (rs4402960) with proinsulin processing. We hypothesised that an impaired proinsulin to insulin conversion might be part of the mechanisms leading to impaired insulin secretion in carriers of these polymorphisms.
Methods
Participants The participants were selected from the ongoing Tübingen Family Study, which currently includes 2,000 individuals at increased risk of diabetes [4, 8] . Less than 1% of participants are related to each other. Individuals on medication affecting glucose metabolism were excluded. Inclusion of the participants in the present study was based on availability of: (1) DNA samples for genotyping (n=1,650); and (2) complete OGTT data (glucose, insulin, C-peptide and proinsulin levels available for all time points during the OGTT, n=1,065). Data on C-peptide levels during IVGTT and OGTT from 545 participants (51%) included in the present study have been published previously [8] .
The anthropometric characteristics of the study population are shown in Table 1 . A positive family history for diabetes was reported by 750 participants (70%). All participants were genotyped for the following SNPs: TCF7L2, rs7903146; CDKAL, rs7754840; HHEX, rs7923837 and rs1111875; SLC30A8, rs13266634; CDKN2A/B, rs10811661; and IGF2BP2, rs4402960. Informed written consent was obtained from all participants and the local Ethics Committee approved the protocol.
Genotyping Genotyping was done using the TaqMan assay (Applied Biosystems, Forster City, CA, USA). The TaqMan genotyping reaction was amplified on a GeneAmp PCR system 7000 and fluorescence was detected on an ABI PRISM 7000 sequence detector (Applied Biosystems). The overall genotyping success rate was 99.98%. Re-screening of 3.16% of participants generated 100% identical results. All SNPs were distributed according to Hardy-Weinberg equilibrium.
Oral glucose tolerance test After an overnight fast of 12 h, participants ingested a solution containing 75 g glucose at 08:00 hours. Venous blood samples were obtained at 0, 30, 60, 90 and 120 min and plasma glucose, insulin, C-peptide and proinsulin concentrations were determined.
Analytical procedures Blood glucose was determined using a bedside glucose analyser (glucose-oxidase method; Yellow Springs Instruments, Yellow Springs, CO, USA). Plasma insulin and proinsulin were determined by microparticle enzyme immunoassay (Abbott Laboratories, Tokyo, Japan, and IBL, Hamburg, Germany, respectively). The proinsulin assay has 0% cross-reactivity with human insulin and C-peptide. The insulin assay has 0% cross-reactivity with proinsulin. Our study was sufficiently powered (1−β>0.8, α=0.05) to detect effect sizes with Cohen's d≥0.19 for the SNPs with the lowest minor allele frequencies. Power calculations were performed using G*power software (www.psycho.uniduesseldorf.de/aap/projects/gpower/).
Results

Insulin secretion
The risk alleles of rs7903146 in TCF7L2, rs7754840 in CDKAL1 and rs7923837/rs1111875 in HHEX were associated with lower insulin secretion measured as AUC (C-peptide)/AUC (glucose) during the OGTT (p< 0.05 for all; Table 2 ). Other validated indices for insulin secretion estimated from OGTT data showed similar results (ESM Tables 1-7) . Insulin secretion based on measurement of C-peptide and insulin levels during the OGTT was not associated with polymorphisms in SLC30A8, IGF2BP2 and CDKN2A/B (p>0.5).
Proinsulin/insulin ratio during the OGTT The risk alleles of rs7903146 in TCF7L2, rs7754840 in CDKAL1 and rs13266634 in SLC30A were associated with a significantly higher AUC proinsulin/AUC insulin ratio (p<0.05 for all) ( Table 2 ). The fasting and 30 min proinsulin/insulin ratios were significantly increased in carriers of the risk alleles in TCF7L2, whereas carriers of the risk alleles in CDKAL1 had significantly increased proinsulin/insulin ratios at 30 min only and carriers of risk alleles in SLC30A8 had increased proinsulin/insulin ratios at 60 and 90 min during the OGTT (ESM Tables 1, 2, 3 ). There were no significant differences in proinsulin/insulin ratios during the OGTT between the genotypes of rs7923837 and rs1111875 in HHEX, rs10811661 in CDKN2A/B and rs4402960 in IGF2BP2. Homozygote carriers of the risk allele in IGF2BP2 merely had increased fasting proinsulin levels and proinsulin/insulin ratio ( Table 2, ESM Table 7 ).
Discussion
In the present study, we found that common variants associated with increased risk of diabetes in TCF7L2, CDKAL1 and SLC30A8 are also associated with impaired conversion of proinsulin to insulin. However, we found no impact on proinsulin conversion for the diabetes-associated SNPs in HHEX, CDKN2A/B and IGF2BP2.
The mechanisms by which the variants in TCF7L2, CDKAL1 and SLC30A8 influence proinsulin processing are a matter of speculation. Recently, Loos et al. [9] demonstrated that the genes of proprotein convertases 1 and 2, which are key proteins in the conversion from proinsulin to insulin, exhibit binding sites for T cell transcription factor. Therefore, an interaction with these proprotein convertases may be a mechanism leading to increased proinsulin levels in carriers of the risk alleles of TCF7L2. Another possibility is that the impaired glucagon-like peptide 1 (GLP-1) action present in carriers of the risk alleles in TCF7L2 leads to impaired proinsulin processing. Two recent studies [4, 5] have demonstrated that the risk alleles in TCF7L2 are associated with impaired incretin effect, as the insulin response to oral glucose was lower than that to intravenous glucose. In addition, GLP-1 infusion led to lower insulin secretion in carriers of the risk alleles in TCF7L2 [4] . As GLP-1 infusion is able to normalise reduced proinsulin conversion [13] and GLP-1 signalling is impaired in carriers of the risk alleles in TCF7L2, it is conceivable that the GLP-1 signalling defect also leads to impaired proinsulin processing.
The mechanism by which the variant in the SLC30A8 gene affects proinsulin processing is also unclear. SLC30A8 encodes the zinc transporter protein member 8 (ZnT-8), which is important for storage and maturation of insulin in the granules of the beta cell [14] . It might well be that a functional defect in ZnT-8 impairs proinsulin processing. While demonstrating impaired proinsulin processing in the risk allele of rs13266634 in SLC30A8, we found no effect of this variant on insulin secretion after an oral glucose load, a finding which is in agreement with our previously published results [8] . However, we did demonstrate an effect on insulin secretion in the IVGTT [8] . This finding suggests a defect in proinsulin processing that only leads to impaired insulin secretion under a strongly increased secretory demand, as is present during the IVGTT.
Variation in HHEX results in a marked impairment of insulin secretion, in response to both oral and intravenous glucose administration [8] . The present results show that this is not due to impaired proinsulin processing, at least during an oral glucose challenge. To our knowledge, no other beta cell defects are known to alter insulin secretion but not proinsulin conversion or vice versa.
In carriers of the risk allele in IGF2BP2 we found increased fasting proinsulin levels but no differences in proinsulin conversion after glucose stimulation. Fasting levels of proinsulin and insulin are largely affected by different clearance rates and do not represent the proinsulin conversion in the beta cell [10, 13] . Therefore, we believe that variation in IGF2BP2 has no major impact on proinsulin conversion.
In conclusion, our data suggest that impaired proinsulin processing is one possible mechanism that leads to impaired insulin secretion and increased risk of diabetes in carriers of the risk alleles in TCF7L2 and CDKAL1. However, these two aspects of beta cell dysfunction, impaired insulin secretion and proinsulin processing, are not necessarily linked. Carriers of a variant in SLC30A8 specifically showed impaired proinsulin conversion during oral glucose challenge, whereas carriers of variants in HHEX specifically exhibited impaired insulin secretion.
